The aim of this paper is to investigate the role played by the size (thickness) of solid fuel particles upon both the heat transfer and the propagation of a surface fire through a homogeneous vegetation layer. Because all the interactions (mass, momentum, and heat transfer) between the solid fuel layer and the gas phase occur at the interface between these two media, the surface area to volume (SA/V) ratio (inversely proportional to the thickness of the solid fuel particles), which appears in the expression of the specific surface separating these two phases, must affect, more or less significantly, the fire dynamics. This problem has been studied numerically, using a multiphase formulation. Various variables, such as the temperature of the solid fuel, the temperature of the gas, the fire residence time and the heat flux by radiation and convection have been analyzed, in order to understand the role played by the SA/V upon the behaviour of the fire.
NOMENCLATURE LISTING

INTRODUCTION
The dynamics of a surface fire propagating through a homogeneous vegetation layer is governed by the exchange of mass, energy and momentum occurring at the interface separating solid particles, composing the fuel layer, with the surrounding atmosphere. In considering the local conservation equations which control these physical mechanisms, one can notice that the exchange terms between the solid and the gaseous phase are proportional to the specific surface a separating these two media (often called the Leaf Area Density in the literature). This characteristic of the solid fuel layer is defined as the product of the solid phase volume fraction (α S ) with half of the surface area to volume (SA/V) ratio (σ S ) as follows:
. 2 S S a α σ × = (1) For solid fuel particles such as disks or cylinders, the SA/V is inversely proportional to the thickness characterizing these particles. Combined with the density, volume fraction and moisture content of burning fuels, this is one of the main physical properties affecting the behaviour of fires. In one of the most used fire spread models (Behave) this parameter affects, at different levels, the rate of spread (ROS) of the fire: the fraction of the heat release by the fire compared to the heat flux absorbed by the solid fuel layer, and the exponent representing the effect of the wind speed [1] . For fires propagating under a zero wind condition, small scale experiments carried out in pine needles [2] fuel beds and in eucalypt forest fuels [3] , have shown that the fire residence time and the SA/V were related as follows:
The constants A and B (Eq.2) vary from one study to the other as follows: A = 75600, B = 1 in [2] , A = 208487, B = 1.236 in [3] . The consequence of the relationship found in [2] is that the time characterizing the travel of the fire front depends only on the geometrical characteristics of the solid fuel particles composing the vegetation layer. The fact that the exponent B is different from unity in [3] suggests that another length scale, in addition to the fuel particles thickness, may affect the fire residence time. In the same paper [3] , the author suggests that other heat transfer mechanisms (such as convection) can also affect this characteristic time and consequently the volume fraction (α S ) must also affect the constant A in equation (2) .
The combination of predictions obtained using a semi-empirical fire spread model (such as Behave) with real data collected from well documented wildfires [4] , has shown that the integration of the effects of the slope angle and wind speed velocity on the resulting plume used to evaluated the rate of spread (in place of the general meteorological wind conditions), constitutes a major issue needed in order to improve the quality of predictions of operational fire spread models. Recently, the coupling of an empirical forest fire spread model with a mesoscale atmospheric model (ForeFire-MesoNH) has been proposed to simulate, at large scale, the propagation and smoke emissions of wildfires [5, 6] . In this kind of model, the fire front is represented as a thick line and the depth of the front is calculated from the fire residence time evaluated using the expression proposed by Anderson [2] . As suggested in [3] , a significant question is how to be sure that this characteristic time depends only on the geometrical characteristics (such as the SA/V) of the solid fuel particles composing the vegetation layer? The main part of this paper will tackle this question.
MATHEMATICAL MODEL
The problem of the propagation of a surface fire through a homogeneous vegetation layer has been studied numerically using a multiphase formulation. This approach initially proposed by Grishin [7] has been extended with success to simulate in 2D and 3D the behaviour of surface and crown fires in numerous situations [8, 9, 10] . The solid phases representing the various solid fuel elements (foliage, twigs, trunk, etc.) composing the vegetation, has been represented in a similar manner as a set of weakly dense porous continuum media immersed in a gaseous phase. The internal structure of the solid fuel elements has been represented using 4 basic components (water, dry matter, char and ash), where each one was described using its own set of physical properties (mass fraction, specific heat, thermal conductivity, etc.). In assuming that the solid fuel elements of the vegetation stayed at rest, the evolution of the state of the vegetation (mass, volume, composition, and temperature) were governed by a set of Ordinary Differential Equations (ODE's) obtained from the conservation equations for mass and energy. Part of the terms located on the right hand side of these equations reproduced the difference steps of degradation of the vegetation (drying, pyrolysis and char combustion) resulting from the intense heating coming from the fire front. The degradation rates characterizing these processes were evaluated experimentally from thermal analysis of Mediterranean fuel samples. The evolution of the gaseous phase was governed by the various physical mechanisms occurring inside the atmosphere surrounding the fire front: atmospheric turbulence and canopy turbulence interactions, mixing and combustion between gaseous pyrolysis products and ambient air, and radiation from the gas + soot mixture.
In considering that the general trend of the effects of the SA/V upon the propagation of a surface fire was not considerably affected by 3D effects, the present numerical simulations were conducted using a 2D configuration with X denoting the direction of fire propagation and Z the vertical direction. On a flat terrain under moderate wind conditions a significant portion of the flame/vegetation interaction comes from the part of the flame which is located both inside and just above the vegetation layer, where it is minimally affected by these 3D effects. A vegetation layer of 0.7 m depth and 70 m long has been positioned at a distance equal to 20 m from the inlet of the computational domain. This distance has been considered as sufficient for the establishment of a boundary layer profile ahead of the ignition line. The physical properties of the solid fuel particles composing the vegetation is summarized in Table 1 In the gas phase, the problem has been formulated using a two-step averaging procedure. The first step, in space, has been performed to take into account the presence of the vegetation in the mass, momentum and energy conservation equations (similar to a homogenization procedure). As indicated previously, the vegetation has been represented as sets of solid fuel particles, immersed inside the gaseous phase (as a sparse porous media). Multiple interactions resulting from the exchange of mass (water vapor, pyrolysis products), momentum (drag forces) and energy between the solid and the gas phase, have been taken into account by additional source terms in the equation governing the behaviour of the gaseous phase (Euler/Euler method for the resolution of multiphase flows). The second step, in time, has been introduced to solve for turbulence. For this study a TRANS approach has been adopted (RNG k-ε turbulence model) [12, 13] , adding additional terms to take into account the production and destruction of turbulence resulting from the flow/canopy interaction (terms proportional to the drag coefficient C D ):
Density (kg/m 3 ) 500 Volume fraction 0.002 Fuel moisture content 10% Surface Area to Volume ratio (SA/V) (m -1 ) 500 -6000
where T=max(τ , C T τη) is the maximum value between the turbulence time scale (τ=Κ/ε) and a value (C T =6) proportional to the Kolmogorov time scale τη=(ν/ε) 1/2 , and Re T and Pr T are the turbulent Reynolds and Prandtl number, respectively. where µ eff represents the effective viscosity i.e. the sum of the molecular and the turbulent contribution.
The following set of constants, have been introduced in the turbulence model [13] :
Cε 1 =1.42, Cε 2 =1.68, Cε 3 =1.5, Cµ=0.085 P and W are respectively the terms contributing to the production of turbulence, due to shear and buoyancy effects, given as:
Near the fire front, due to the presence of hot spots (hot gases, burning particles, etc.), the pyrolysate (mainly CO and CH 4 ), resulting from the decomposition of the vegetation, react very quickly with the ambient air, with a quasi infinite reaction rate (high Damköhler number). Therefore, we can postulate that the reaction rate is not limited by chemical kinetics, but by the time necessary for the mixing between the gaseous fuel and the oxygen. This mixing is primarily ensured by the turbulent structures (eddies) located in the flaming zone. In this case, the reaction rate can be written as a function of the local mass of fuel available for burning divided by the integral turbulent time scale (the Eddy Dissipation Combustion Concept) [14] :
where Y Fuel and Y Oxy denote the mass fraction of Fuel and Oxygen, respectively, ν is the stoichiometric ratio of the combustion reaction, and C A is a function of the turbulent Reynolds number [14] . where γ * is the volume fraction of the small scale turbulent structures and χ the fraction occupied by the reaction zone inside these small structures, defined as the following:
As the amount of burned fuel does not exceed the quantity locally available, the mixing time τ mix has been evaluated from the characteristic time defined for the turbulent flow (τ mix = K/ε).
In considering the important role played by radiation heat transfer in such problems [15] , the turbulence radiation interaction (TRI) resulting from the fluctuations of temperature and soot volume fraction in the flame have been taken into account in the radiation transfer equation (RTE) using an optically thin fluctuation approximation (OPFA) [16, 17] The
In agreement with experimental observations, the ratio of scalar and velocity dissipation time (R) has been assumed to be equal to 0.5 [18, 19] .
The set of transport equations governing the evolution of state of the gas phase were solved using a Finite Volume method (FV) and a segregated iterative algorithm (PISO) for the pressure/velocity coupling. To avoid the introduction of false numerical diffusion, the Ultra-Sharp approach (Universal Limiter for Tight Resolution and Accuracy Resolution Program) has been adopted for the treatment of convective terms in the convection-diffusion transport equations in the gas phase [20] . For discretisation in space, a 3 rd order QUICK scheme has been used for the convective terms [21] and a 2 nd order central difference scheme was used for the diffusion terms. The time integration was performed using a 2 nd order implicit Euler scheme. The set of ODE governing the evolution of the state of the vegetation was solved using a Runge Kutta method.
As indicated in [15] , to ensure an accurate representation of the propagation of fire through a vegetation layer, it is crucial to choose the mesh size using physical criteria: the mesh size Δ must be smaller than the fuel depth (Δ < H Fuel ) and the length of extinction (Δ < 2xH Fuel / LAI).
For more details concerning the model (physical formulation and numerical methods) and also the confrontation between numerical results obtained using this model and experimental data collected on the field for shrubland and grassland fires, the reader is invited to consult previous published papers [8, 11] .
RESULTS AND DISCUSSION
As reported in previous papers, a large part of the dynamics characterizing the propagation of surface fires depends on two forces governing the trajectory of flames, the buoyancy from the difference of density between the ambient air and the thermal plume and the inertia from the wind flow. The ratio of power between these two forces defines a non-dimensional parameter, called the convective Byram number:
where ΔH = 18000 kJ/kg designates the heat of combustion, g the acceleration of gravity, ρ the air density, and T 0 and C P the temperature and specific heat of ambient air. For all numerical simulations, the convective Byram number was varied between 6 and 26.3. Consequently, except for the first case (SA/V = 500 m -1 and N C = 6), we can conclude that all surface fires reproduced in this paper can be more or less be classified as plume dominated fires. In this formula the rate of spread (ROS) has been deduced from the slope of the time evolution of the position of the head of the pyrolysis front (the isotherm where T S = 500 K).
The results reported in Fig. 1 represent a snapshot of the solid fuel temperature calculated at different times but at the same location (this is also the case for Figures 2, 3 and 4) for three values of the surface area to volume ratio (SA/V): 500, 2000 and 3000 m -1 . The Leaf Area Indexes (LAI) associated to these three values of SA/V were equal to 0.35, 1.4 and 2.1, respectively. In the literature [7, 15] the value of LAI/2 represents also the optical thickness of the vegetation layer, i.e. the ratio between the depth of the solid fuel layer by the extinction length scale. With these values, the vegetation layer can be considered as more or less optically thin [19] . Without assuming the mechanisms of heat transfer (convection or radiation) which governs the propagation of fire, we can observe that the increase in the absorption coefficient characterizing the vegetation layer contributes to improved heat transfer between the flame and the solid fuel layer and consequently to an increase in the average value of the solid fuel temperature. If the vegetation strata is dense enough (SA/V > 2000 m -1 ) we do not observe a great attenuation of the solid fuel temperature profile along the vertical direction. All these observations are confirmed in Fig. 2  and 3 , representing the longitudinal (streamwise direction) distribution of temperature (gas and solid) and the dry fuel and water density, calculated for SA/V = 500 m -1 (Fig. 2) and SA/V = 2000 m -1 (Fig. 3) . These temperature profiles have been calculated inside (Z = 0.35 m) and at the top of the canopy (Z = 0.7 m). The detailed analysis of these temperature profiles have shown that for SA/V = 500 m -1 (Fig. 2) , the temperature of the gas was larger than the temperature of the solid fuel in the region located just ahead of the fire front. The snapshot in time of this particular configuration suggests the heating process governing the propagation of the fire are partially driven by convective heat transfer. For SA/V = 2000 m -1 , even if the gas remains hotter than the solid in a large part of the fuel layer, we notice the two curves intersect (where the temperature of the solid phase became larger than the temperature of the gas phase) in a small region located ahead of the fire front (similar results occur for larger values of SA/V). This configuration indicates that, in this case, the solid fuel layer was preheated exclusively by radiation, then in the region located adjacent to the fire front both convection and radiation heat transfer can contribute to the propagation of the fire. The combination of these two modes of heat transfer in the near vicinity of the flame front may also represent the 'flame contact' mechanism reported in [22] . These observations were confirmed by a snapshot of the gas temperature fields reproduced in Fig. 4 . This figure has highlighted that for SA/V = 500 m -1 the flame trajectory was more affected by the wind flow and the thermal plume arrived to impact the unburned solid fuel located ahead the fire front. In analyzing the data reported in Table 2 , we can notice that above a SA/V equal to 1000 m -1 all the results concerning the rate of spread, the mass loss rate, the fire line intensity and the convective Byram number have nearly the same values and are therefore not significantly affected by a variation (from 1000 to 4000 m -1 ) of the SA/V. This is not the case concerning the results obtained for a SA/V equal to 500 m -1 , for which we notice a reduction by a factor 2 of the ROS, the mass loss rate and of the fire line intensity, and also a reduction by a factor ranged between 3 and 4 of the convective Byram number. This result is a new confirmation of the very important role played by N C concerning the regimes of propagating surface fires and sudden changes in fire behaviour. We know that this phenomenon occurs for N C around unity, corresponding to the transition from plume dominated fires to wind driven fires. The heat flux exchanged by convection (blue gradient) and radiation (red triangle) has been calculated for the whole vegetation layer and is reported in Figure 5 for the 6 reported values of SA/V. This curve clearly highlights that the radiation heat flux reaches an optimal value when the extinction length is equal to the vegetation depth (optical thickness = 1), and then decreases, whereas at the same time the convective heat transfer increases due to the augmentation of the solid/gas exchange surface. This mechanism contributes to the intersection of these two curves and for a value of SA/V equal to 6000 m -1 , the convective heat transfer becomes the dominant mode of heat transfer. The fire residence time τ Res representing the traveling time of the fire front, i.e. the duration of time at which a point located on the trajectory of a fire can be considered inside the burning zone. This characteristics time can be determined from the time history of the solid fuel temperature curve, calculated at various points inside the vegetation layer (Z = 0.25 m) (see Fig. 6 ). The curves reported in Fig. 6 clearly highlight that, except for the point located in the burner used to ignite the fuel (X = 20 m), the curves obtained for X = 40, 50 and 60 m, converge rapidly toward a homothetic behaviour and seem to be similar. Using these curves, the fire residence time has been defined as the duration of time for which the solid fuel temperature was larger than 700 K (see Fig. 6 ). For a quasi-steady state propagating fire with a constant rate of spread (ROS), the fire residence time can also be defined as the ratio between the fire front depth by the ROS. From small scale experiments carried out in solid fuel beds, various authors have suggested that the fire residence time could be more or less proportional to the thickness of solid fuel particles, i.e. more or less inversely proportional to the SA/V [2, 3] .
To test the validity of this proposal at larger scale, the evolution of the fire residence time versus the SA/V has been reported in Fig. 7 , and the present numerical results have been compared with two power law functions proposed in references [2, 3] (see also Eq. 2). We notice on this figure that the fire residence time (τ Res ) is a decreasing function of the SA/V until SA/V < 2000 m -1 . As shown in Table 2 , this section of this curve corresponds also to the case for which the vegetation layer was characterized by an optical thickness τ OT <0.7 (the depth of the vegetation layer was smaller than the extinction length scale). For SA/V = 2000 m -1 (τ OT = 0.7) τ Res reaches a minimum value equal to 1.7 s, then it increases a little bit and seems to converge slowly toward a more or less constant value. One can notice that the values obtained numerically for the fire residence times (ranged between 1 and 10 s) were smaller than those reported in the literature (generally ranging for grasslands between 5 s to 15 s) [23] . The empirical relations given the fire residence time versus the SA/V (Anderson 1969 , Burrows 2001 were obtained for relatively dense solid fuel beds (pine needles, eucalyptus leaves) and generally in no wind conditions. The present simulations were carried out for more sparse fuels (with a solid fuel volume fraction at least 10 times smaller than in a solid fuel bed), a taller and quite dry vegetation layer (fuel moisture content equal to 10%) and under significant wind conditions (4 m/s). All these factors have contributed to increased heat transfer between the flame and the unburned vegetation, reducing the fire residence time. In addition, our evaluation of the fire residence time was only based on the depth of the flame in the gaseous phase, at a height of Z=0.25 m above the ground level (more easy to evaluate and disconnected from the hot ember front) and choosing a temperature threshold equal to 700 K. It is probably for these reasons that our evaluations of this parameter were a little bit smaller than those reported in the literature. Even if this choice can introduced a reduction of the fire front depth (and consequently a reduction of the fire residence time), in comparison to what was previously reported in the literature, it will not affect the general trend concerning the relationship between the fire residence time and the SA/V. To generalize this analysis we have developed a non dimensional parameter, τ * which is a function of the We notice that, for wind driven fires (1/N C >> 1), the reduced fire residence time τ * converges more or less towards a constant value, nearly equal to 150. In this case the fire residence time τ Res varied inversely proportional to the SA/V, similar to Eq. 2, with constants A and B nearly equal to the values previously proposed in [2] : A = 75 000 and B =1. For situations for which the behaviour of the fire was not fully controlled by the wind flow (1/N C < 2), the situation seems to be more complex to analyze and no universal formula can be extracted concerning a relationship between τ Res and SA/V.
CONCLUSION
A set of numerical simulations, using a multiphase formulation, has been performed to study the propagation of a surface fire through a homogeneous vegetation layer. The aim of these calculations was to study the role played by the thickness of solid fuel particles upon the behaviour of the fire front, with a particular interest for the fire residence time. In assuming that the solid fuel layer was composed of cylindrical particles, the varied parameter has been the surface area to volume ratio (SA/V). The numerical results have been compared to empirical correlations from the literature, for which the fire residence time varied more or less proportionally to the particle thickness (inversely proportional to the SA/V). The same kind of behaviour has been found for wind driven fires, characterized by a small convective Byram number (1/N C >> 1). The simulations have also highlighted the role played by the optical thickness (τ OT ) characterizing the vegetation layer, in showing that the fire residence time reached a minimum value as τ OT = 0.7, which corresponded to the situation for which the depth of the vegetation layer was nearly equal to 0.7 times the extinction length scale. 
